SUMMARY. Strawberry (Fragaria ·ananassa) is a perennial plant with a compressed woody crown that responds to the environment in a similar way as other temperate fruit crops. Nutrient management practices are also similar, with a few exceptions. Levels of preplant amendments are determined based on soil test results, and are used to increase nutrient availability and modify pH as needed. Once plants are established, soil tests, coupled with foliar tissue analysis and observations of plant growth, are the best indicators of plant nutrient status and limitations. Drip irrigation is more efficient than granular applications for supplying soluble nutrients such as nitrogen (N). While most temperate fruit crops respond well to N in spring when growth resumes after winter, applications of spring N in strawberry can cause excessive vegetative growth, reduce fruit quality, and have only a marginal impact on yield. N is most efficiently taken up by plants when conditions favor root growth, and N applied in summer or fall is more effective at increasing yield the following spring, assuming that the carbohydrate status of the plant is good. However, if carbohydrate status is poor, supplemental N late in the season can reduce yield by requiring additional carbon (C) for N uptake. Many questions remain to better understand how to manage nutrients optimally in perennial strawberry.
M ost strawberry production occurs in annual systems in warm climates, but significant acreage of perennial strawberry exists in north temperate regions of the world. The strawberry plant is naturally a perennial that responds to the environment in a similar way as other temperate fruit crops. While the herbaceous aboveground portion of the strawberry plant is most visible, the woody crown can extend to 60 cm in the case of beach strawberry [Fragaria chiloensis (Darrow, 1966) ]. Under the influence of short days, strawberry plants accumulate starch and mobilize nutrients from leaves to roots and crowns as do most perennials (Darrow, 1966) , even in cultivars where flower induction is insensitive to daylength (Acuña-Maldonado and Pritts, 2013) . Although strawberry leaves are not strictly deciduous, many will die before the onset of winter. The general approach to nutrient management in perennial strawberry production is not dissimilar to management in temperate tree fruit and grape (Vitis sp.) crops (May and Pritts, 1990) .
Standard preplant practices
Before strawberries are planted, soil testing is recommended and adjustments are made to pH, phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), and boron (B). Organic matter additions may be recommended as well if the level is below 4%. Pritts et al. (2015) describe soiltesting methodology for strawberry in detail. The goal of amending the soil before planting is to provide sufficient macronutrients, except N, for the remaining life of the planting. Soil test recommendations for strawberry have been developed based on experience and on how other crops have responded to nutrient additions. Unlike most field crops, standard nutrient response curves for various essential nutrients typically have not been developed for perennial strawberry in different soils.
Once plants are established, foliar testing, together with soil tests, provide insight into the nutrient status of the plant, assuming that the soil pH remains within the recommended range of 6.0 to 6.8. On sandier soils or where extensive irrigation is used, supplementation of P, K, Mg, and micronutrients may be required in the years after planting. In soils with a limestone base, supplementation with sulfuric acid or other acidifying material may be needed to maintain the pH within an acceptable range. (Swift et al., 1979) . Rhizoctonia root rot (Rhizoctonia fragariae), a known pathogen of strawberry, can enhance nutrient uptake and growth under certain conditions by functioning similarly to mycorrhizae (Scott et al., 2004) . Plants grown in soils high in P may have low P in leaves if B, essential for root growth, is also low in the soil due to interactions among the two (May and Pritts, 1993) . Adjustments to nutrient supply are most accurately based on a combination of foliar and soil test results rather than on soil test results alone. A foliar analysis has several advantages over soil tests: 1) the foliar test provides a snapshot of how much nutrient is in the plant-not simply how much is available in the soil; 2) a foliar analysis can detect a low nutrient level before it has a negative effect on growth or yield; and 3) a foliar analysis is informative for all essential macro and micronutrients, whereas soil tests provide little value to guide management of micronutrients or N. When soil tests are used together with foliar analyses and close observations of plant growth, considerable insight into what might be causing nutrient limitations can be revealed (Pritts et al., 2015) .
Standard postplant practices

Timing and rates of N application
The standard recommended rates and timings for N applications are different from other perennial fruit crops. The root system of strawberry is %10% to 20% of the total plant biomass (May et al., 1994; Strik et al., 2004) and is not particularly efficient at acquiring N from the soil. Maximum fertilizer use efficiencies are typically less than 60% (Strik et al., 2004) . Therefore, N is most efficiently used when applied at regular intervals in soluble form. If a grower has drip irrigation, then up to 0.5 lb per day of actual N (3.5 lb per week) is applied during the growing season based on standard plant spacing. N rates are typically lower during fruiting and higher after fruiting, whereas higher amounts of K may be applied during fruiting when plant demand is greatest. However, if a grower does not have drip irrigation, then granular applications are used. In the planting year, a typical application date and rate would be 30 lb/acre a few weeks after planting, and then another 30-40 lb/ acre in midlate August (Hart et al., 2000; Pritts and Handley, 1998) . In the fruiting year, the first of the two applications is not made until after harvest. The largest portion is applied at renovation (ranging from 50 to 70 lb/acre) followed in some areas by a second, smaller application in fall of up to 30 lb/acre. Rates are adjusted downward where organic matter is high or growth is vigorous or upward when extensive irrigation is used or soils are sandy.
Many perennial crops are fertilized with N when vegetative growth begins in spring. However, N fertilization in spring of the fruiting year is generally not recommended in perennial strawberry because too much spring N can be detrimental to the plants and fruit, or simply not be economical to apply. Yield responses to spring fertilization were not observed in the Pacific northwestern United States, either with granular or foliar N applications, although vegetative growth was increased (Breen and Martin, 1981; Strik et al., 2004) . Ulrich and Martin (1987) and Kirsch (1959) reported negative effects on fruit quality from springapplied N, but not with all cultivars. In another study, doubling N above what is considered an optimal rate increased leaf area by 50% but yield by only 12% (Acuña-Maldonado and Pritts, 2009). Applying 30 lb/acre in spring before fruiting resulted in excessive vegetative growth and increased gray mold (Botrytis cinerea) on fruit in each of 3 years (Cooley et al., 1996) .
N fertilizer applied early in the growing season is often assimilated into leaf and crown tissue (Table 1) , but less into roots as they do not grow much where summers are hot (Kadir et al., 2006) and because fruiting suppresses root uptake (Archbold and MacKown, 1995) . Foliar N applications during fruiting resulted in partitioning of N to leaves with little to roots (Nestby and Tagliavini, 2005; Strik et al., 2004) . They reported that partitioning of foliarapplied N to fruits also occurs, but found no effects on yield. During longer growing seasons that result in an early harvest season, or in climates with relatively cool summers, strawberry roots and crowns can acquire a significant amount of N from fertilizer when applied postharvest in summer (Strik et al., 2004) . In climates with warmer summers, the most 
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• August 2015 25 (4) active uptake of N appears to occur later in the season when root growth is more active. Acuña-Maldonado (2005) found that fertilizing late in the season resulted in considerably more N in roots before winter (Table 1) . Whereas spring fertilization had little impact on yield (Fig. 1) , fall fertilization appeared to enhance the N status of roots, which can result in higher yields the following spring (Fig. 2) . Breen and Martin (1981) also reported that yield was highly correlated with percent N in leaves in November before harvest, and that the highest N fertilization levels did not always result in the highest percent leaf N or yield the following year. Howard (1980, 1986) reported a response to foliar urea under low nutrient conditions. Daugaard and Todsen (1999) found that residual N in soil in winter was correlated with yield, and Archbold and MacKown (1995) found that the fruit crop uses more stored N than newly absorbed N. These studies suggest that N status in fall and winter is associated with spring yield, but excessive N, particularly in spring, can be detrimental or only marginally beneficial to yield.
Foliar nutrient analyses
Typical N fertilization rates are adjusted based on a foliar analysis. Foliar levels of all nutrients fluctuate during the growing season, so sampling is usually done on new leaves emerging after renovation when foliar levels are more stable (May et al., 1994) . Standard ranges for perennial strawberry (Table 2) are remarkably similar to those for other perennial crops, with the exception of highbush blueberry [Vaccinium corymbosum (Pritts et al., 2015) ].
Practitioners assume that sampling leaves after harvest is the best time to assess foliar nutrient concentrations because levels are most stable then, but it is possible that other sampling dates provide a better indicator of plant nutrient status for a particular element. Practitioners also assume that the leaf blade is the tissue that best reflects plant nutrient status, yet the petiole or crown might be a better indicator. For example, grape growers typically sample grape petioles during bloom for an accurate determination of plant nutrient status (Winkler et al., 1974) . Other nonstandard times and plant parts may provide better insight as to the nutritional status of strawberry. Daugaard (2007) suggests a sampling date at the beginning of flowering, particularly for guiding N fertilization. Furthermore, certain nutrients may be present in the plant, but in a form that is unavailable for biological processes. The element may be in an inactive ionic state [e.g., iron (Fe +3 ) or manganese (Mn +4 )], or it may be in precipitate form, e.g., calcium phosphate [Ca 3 (PO 4 ) 2 ]. Understanding when and how best to sample the plant and what parts to sample for optimal results remain research challenges.
Interactions between N and C within the plant
The carbohydrate status of the plant can interact with N uptake and utilization. Plants usually grow better • August 2015 25 (4) and yield more when grown under supplemental carbon dioxide [CO 2 (Bushway and Pritts, 2002; Chen et al., 1997a Chen et al., , 1997b Chen et al., , 1997c ] and the total yield of a strawberry plant is closely correlated with the total nonstructural carbohydrates (TNSC) in the plant (Acuña-Maldonado and Pritts, 2009). However, when TNSC is limited, too much N can result in a yield decrease (Acuña-Maldonado and Pritts, 2009). C and N pool sizes change in opposite directions in strawberry plants, and N fertilization in autumn reduces starch concentration over winter, particularly in roots (Acuña-Maldonado and Pritts, 2013) . This is likely due to the energy-intensive requirement of N assimilation that requires C (Cheng and Fuchigami, 2002) . Starch levels are low in spring after a long period of respiration without much photosynthesis during winter (Acuña-Maldonado and Pritts, 2009). Also, in colder regions, plants often are under straw mulch or snow for winter. The limited response to spring N fertilization could be due to the additional suppression of TNSC reserves with increased N uptake.
Research challenges
Since the optimal N fertilization rate appears to be related to the C status of the plant, practitioners want to measure the TNSC status to better determine N rates and forms. Knowing how to relate TNSC status to optimal N application rate is a research challenge, since active C is present in different and dynamic forms in the plant. Another challenge is to know how to balance foliar and soil applications, with appropriate timings, to most efficiently and effectively use fertilizers. Particularly important is to understand this relationship for N since it has such a significant impact on plant growth as well as the environment. Third, nutrient levels interact within strawberry plants, possibly affecting growth and yield (May and Pritts, 1993) . The number of potential interactions among nutrients is very large, and little research has been conducted to identify the most critical interactions in strawberry (Kirsch, 1959; Zurawicz and Stushnoff, 1977) . Furthermore, which plant part to sample and what time to optimally sample to best determine nutrient status is not known with certainty. Finally, practitioners need to know under what conditions spring N is warranted. Many growers apply N in spring, believing that it enhances growth. Although spring N may indeed enhance vegetative growth, it might have little effect on yield, and could even reduce fruit quality and negatively impact the environment. Finally, we are aware that others have observed different trends under different conditions, so generalizations may not be accurate in all circumstances. Understanding how climate and management practices affect nutrient needs will continue to challenge researchers for years to come. Table 2 . Standard foliar nutrient concentrations for healthy young leaves of strawberry sampled after renovation in north temperate growing regions of the eastern and western United States (Pritts et al., 2015; Strik, 2013 
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